Abstract-Polarimetric X-and C-band measurements by the University of Sheffield ground-based synthetic aperture radar (GB-SAR) indoor system provide three-dimensional images of the scattering processes in wheat canopies, at resolutions of around a wavelength (3-6 cm). The scattering shows a pronounced layered structure, with strong returns from the soil and the flag leaves, and in some cases a second leaf layer. Differential attenuation at horizontal (H) and vertical (V) polarization, due to the predominantly vertical structure of the wheat stems, gives rise to marked effects. At both C and X bands, direct return from the canopy exceeds the soil return at large incidence angles for VV polarization, but is comparable to or less than the soil return in all other cases. At HV, the apparent ground return is probably due to a double-bounce mechanism, and volume scattering is never the dominant term. Direct sensing of the crop canopy is most effective at X band, VV, and large incidence angles, under which conditions the return is dominated by the flag leaf layer. Field measurements with the outdoor GB-SAR system suggest, however, that for sensitivity to biomass and reduced susceptibility to disturbances by rainfall, a two-channel C-band system operating at a medium range of incidence angles is preferred.
M
ANY EXPERIMENTAL studies, using scatterometers [1] - [5] , airborne [6] - [9] , and spaceborne [10] , [11] radars have demonstrated that the backscatter from wheat (and other agricultural crops) is significantly affected by the state of the crop canopy. Interpretation of these observations has largely relied on models. Particularly fruitful use was made of the water cloud model [12] to explain many of the features in extended multitemporal studies with the French ground-based scatterometer systems (RAMSES) [1] , [13] - [15] . In particular, these studies argued that in the earlier parts of the growing season, the radar was essentially measuring an attenuated soil return. Later in the growth cycle, scattering by leaves could dominate, leading to differences between the responses from wheat varieties with different structure. It was also argued and confirmed that canopy volumetric water content and leaf area index (LAI) should be correlated with for wheat crops. A conclusion of these studies was that the optimal system for monitoring wheat would operate at X band with vertical-vertical (VV) polarization and incidence angles around 40 . Only the Spaceborne Imaging Radar-C/X-band Synthetic Aperture Radar (SIR-C/X-SAR) mission in 1994 has provided extensive X-band VV data to test these conclusions, since most available airborne and spaceborne data have been at longer wavelengths. However, the timing of the SIR-C acquisitions (April and October) was not ideal in terms of crop development, and little has been reported on this topic. The value of C-band data for wheat crop monitoring and biomass estimation has, meanwhile, been demonstrated in a number of studies [8] - [11] . Here, we report on the use of multiparameter radar to investigate these issues and to recover two particularly important agronomical wheat parameters, biomass and green area index (GAI) , that are hard to measure by other means. The study is based on two multitemporal measurement campaigns carried out during 1999 and 2000.
The main contribution of the 1999 indoor campaign was to provide, for the first time, three-dimensional (3-D) radar measurements with sufficient resolution to localize the scattering processes within a wheat canopy. Previous radar measurements have used sensors with much coarser resolutions than the scattering elements in the crop. Their interpretation has, therefore, relied on models that have become progressively more sophisticated [5] , [10] , [12] , [16] , but which still employ very simplified representations of the canopy and its interaction with the radar wave. Since wheat canopies contain a complex mixture of components (stems, leaves, ears) with strong vertical structure in the stems and ears, it is not clear that the models adequately capture the overall behavior of scattering and attenuation involved in the radar response. The 1999 indoor campaign was specifically designed to measure and visualize the true nature of microwave scattering within a wheat canopy.
While the indoor campaign aimed at fundamental understanding of the radar response from a wheat canopy, the 2000 outdoor campaign was more concerned with elucidating how the radar return is related to biomass and GAI. To this end, multitemporal measurements of wheat canopies under a range of field conditions were gathered across the growing season.
0196-2892/03$17.00 © 2003 IEEE It should be noted that the experimental results in this paper were supported by a parallel modeling study. Indeed, the ground measurements were specifically designed to provide the data necessary to drive a second-order radiative transfer model (RT2) [10] . Here, we have avoided detailed comparison with the model calculations because we found significant disagreements between the measurements and the model [17] . These can, in part, be attributed to incorrect representation of attenuation by the model, particularly for vertical polarization, where the attenuation is significantly overestimated. This is due to the inadequacy of the forward scattering theorem for calculating the attenuation in a wheat canopy, which cannot be considered as a sparse medium [18] . This defect is not specific to RT2; almost all the published papers dealing with wheat models use this method to calculate the attenuation (e.g., [5] and [16] ). However, the associated errors are not revealed as starkly as in the current experiments, because the airborne and spaceborne measurements used for comparison with the models do not resolve the details of the scattering in the canopy. Since they are integrations through the canopy, they average the various scattering terms together and cannot distinguish between alternative weightings of terms that could produce the same total backscatter. In the indoor measurements described in this paper, these weightings are measured and in many cases disagree with the model calculations. Hence, although we make reference to such calculations, we cannot make reliable use of them to interpret the measurements.
II. INDOOR EXPERIMENTS
The ground-based synthetic aperture radar (GB-SAR) indoor microwave facility at the University of Sheffield [19] is housed in a 6 m 4 m 3 m chamber internally covered with radar-absorbing material. It contains a roof-mounted rectangular planar scanning frame holding four closely spaced horn antennas, with one transmit and one receive antenna for both vertical (V) and horizontal (H) polarizations. A vector network analyzer provides swept-frequency signals at each position during two-dimensional scans of the antenna cluster. The stored returns are used to reconstruct 3-D, polarimetric imagery of targets imported into the chamber on a computer-controlled trolley. The approximate imaging geometry is shown in Fig. 1 ; this varied slightly in a known way between experiments. Aperture sizes used for this experiment were 71.5 cm 166.1 cm at X band and 98 cm 175 cm at C band. The antennas have sufficient beamwidth to simultaneously illuminate the whole target region. Very high resolutions can be achieved with the imaging algorithm [20] : the images described below have resolutions of around one to one and a half wavelengths in each dimension.
Calibration to radar cross section (RCS) is based on measurements of a sphere and a depolarizing target, as described in [21] . Note that RCS, rather than normalized backscatter ( ), is the most appropriate measure at the very high resolution of the data. The system has a minimum detectable RCS better than 75 dB m at C band. Wheat samples (spring wheat, variety Chablis) were hand-sown in plastic containers measuring 58 39 25 cm in March 1999 and were then exposed to normal outdoor growing conditions in the U.K. The soil in the boxes was Kettering loam, composed of 41% sand, 37% silt, and 22% clay and was 25 cm in depth. At regular intervals throughout the growing season, batches of containers were delivered to the University of Sheffield. After removing the rims from the containers, they were packed tightly together on the trolley to form a wheat canopy 1.56 m 1.74 m in size. Spaces around and between the containers were filled with spare soil to ensure there were no visible gaps or large irregularities in the soil surface. The trolley was then moved into the anechoic chamber in order to make the microwave measurements.
Agronomic and architectural parameters were collected from the wheat and soil for each canopy. The agronomic data comprised measurements of green area index (using a LICOR plant canopy analyzer), and shoot number (the agronomic term "shoot number" indicates the number of individual wheat stems). The architectural data consisted of information about the dimensions, orientations, and moisture contents of the individual canopy components, such as ears and leaves, as well as soil roughness and moisture. These data were sufficiently detailed to drive the RT2 radiative transfer model [10] . Results of the modeling have been published in [17] and were used to aid interpretation of the scattering processes observed in the data, but, for reasons discussed in the Introduction, we were unable to use them with confidence to interpret the measurements quantitatively.
Two particular canopies, on which radar measurements were made on June 18 and July 20, 1999, are considered here and are shown in Fig. 2 . The measurements on June 18 took place just after ear emergence. The canopy was green and 58 cm tall; its gravimetric moisture varied between 71% and 80%; and it had a shoot density of 441 shoots/m . By July, the crop had an average height of 65 cm, and its gravimetric moisture varied between 32% and 68%. There were 604 shoots/m . The GAI was around 2.9 on both dates; soil properties were also similar, with an rms height of 1 cm, while soil moisture was less than 10% during the June measurements and around 11% in July.
Although the pulse synthesis technique employed allows great flexibility in choice of frequency, the radar measurements presented here are restricted to C and X bands, at VV, HH, and VH polarizations, and cover incidence angles from 20 to 50 . Backscatter measurements from the June and July canopies Because the radar is close to the canopy, incidence angle varies with height, so that the imaged region does not appear rectangular. Note that these images are not individual slices through the 3-D dataset, but have been incoherently averaged in azimuth, at a given height and incidence angle, to bring out the overall scattering pattern more clearly. The number of independent samples averaged depends on the shape and size of the resolution cells, which vary with position; however, it always exceeds 15.
Obvious in both Figs. 3 and 4 is the layered structure of the data. The lower layer corresponds to the attenuated soil return. Layers above the soil correspond to scattering from the canopy region. Note that soil returns at incidence angles less than 20 have not passed through a complete canopy, since the radar scanning aperture is above and to the left of the canopy in each image. Complete canopy interaction only occurs for incidence angles exceeding that at the top of the front edge of the canopy layer. At far range, the measurements are truncated to ensure that they lie completely within the canopy and to avoid any possible contamination by the antenna nulls.
It is important to realize that the observed values may contain a contribution from multiple scattering in addition to direct returns [22] . Canopy-ground bounce terms will appear at soil level and will be indistinguishable from the direct ground return. The location of second-order volume scattering events is dependent on the path length. Events associated with shorter path lengths will add to the direct scattering terms within the canopy; this may contribute to the rather diffuse volume scattering observed in, for example, the X-band VH results shown in Fig. 3 . Events with long paths will be generated below the canopy and will, therefore, not be visible in the images.
In the C-band images for both measurement dates, the soil return dominates the backscatter at HH polarization for all incidence angles, but at VV is dominant only for angles less than 35 . This difference is explained by strong attenuation of the vertically polarized wave by the vertically oriented wheat stems on both the forward and return propagation paths [15] . Soil returns are also dominant at VH polarization for all but the largest angles. Since the direct cross-polarized backscatter from the soil is expected to be small, this probably indicates stem-ground double scattering. As noted above, these stem-ground returns will appear at ground level. Simulations with a second-order radiative transfer model [17] agree with this analysis, predicting that stem-ground terms and, to a lesser extent, ear-ground terms exceed the direct backscatter from the soil. The important point for parameter recovery is that the cross-polarized return is not dominated by volume scattering in the vegetation but is strongly affected by the soil (via canopy-ground bounce terms). At all polarizations, the soil return decreases with increasing incidence angle, as a result of both the incidence angle dependence of surface scattering and increasing attenuation as the path through the canopy gets longer. In contrast, direct canopy backscatter increases with increasing incidence angle. This is especially noticeable in the June measurements at VV polarization for angles greater than 40 , where the backscatter is generated by the flag leaves and/or ears. The July measurements do not show such a high level of backscatter from the upper canopy layer, due to the much lower gravimetric moisture content of the flag leaves and ears on that date.
The higher resolution in the X-band images of Figs. 3 and 4 allows more detailed visualization of the scattering. One quantitative difference between the C-and X-band images arises from the higher attenuation at X band, which limits penetration into the canopy, causing the ground return to dominate the canopy backscatter only for angles less than 30 at VV polarization. As at C band, ground scatter dominates out to higher incidence angles at HH than at VV. The VH return shows strong ground returns out to 35 , after which scattering appears to be distributed through the canopy, with the strongest returns from the flag leaf/ear layer.
There are marked differences between the X-band canopy backscatter in the June and July measurements. In June, canopy backscatter increases with increasing incidence angle at all po- larizations, but much less angular variation is visible in the July measurements. Instead, the July data show a clear scattering layer at a height of 40 cm for VV and HH polarizations for all incidence angles, which corresponds to the location of the flag leaf ligules. A second weaker layer at 20 cm corresponds to a lower layer of leaves. The importance of the leaves to the total X-band canopy backscatter in July is not reproduced in model simulations [17] , which predict that ear scattering dominates.
A useful way to synthesize the overall behavior of the images in Figs. 3 and 4 is by evaluating the integrated power from different parts of the canopy. This aids comparison with calculations by scattering models, most of which adopt a layeredmedium approach. For the images of Fig. 3 , three layers are considered: an upper layer (for heights greater than 35 cm) containing mostly flag leaves and ears, a lower layer containing the stems and remaining leaves with heights up to 35 cm, and a soil layer. The powers from these layers for the data of Fig. 3 are shown in Fig. 5 .
At C band, soil scatter is the dominant term for HH (via direct returns) and VH (through the double-bounce mechanism) for all incidence angles. However, for VV, the upper canopy dominates for angles exceeding 37 due to increased interaction with the flag leaves and/or ears. This response explains the increase in total VV backscatter at angles greater than 40 , which has been observed in other experimental campaigns [23] . The power from the soil declines steadily with incidence angle at VV, falling by about 10 dB across the swath due to the angular dependence of the soil and due to increased canopy attenuation, primarily from the stems. At HH, where the interaction with the stems is not so strong, soil returns are less variable. After an initial decline of about 4 dB, the ground return remains fairly constant.
The X-band measurements show the upper canopy becoming dominant at VV for angles greater than 28 . For HH and VH, soil dominates out to 35 , after which the contributions from all three layers become comparable. Surprisingly, the soil return does not show monotonic behavior, but declines then increases for both HH and VV. The sharper decline at VV is the principal reason why the upper canopy becomes dominant at this polarization. The increase in the soil return is almost certainly due to a canopy-soil interaction, which cannot be separated from the direct ground return in these images. However, simulations with the RT2 model failed to produce this effect.
A similar analysis applied to the layers in Fig. 4 showed a reduction in the soil return between June and July for VH polarization at both C and X band. This is probably caused by decreased canopy-ground bounce terms, due to the drier nature of the canopy in July.
In summary, the results from the indoor measurements show the following. 1) Radar sees mature wheat canopies essentially as two-or three-layer media.
2) The soil return decreases relative to the canopy as incidence angle increases.
3) The canopy return dominates that from the soil out to greater incidence angles for HH than for VV. 4) Scattering from the canopy is dominant over a greater range of incidence angles for X band than for C band. 5) The HV return is not dominated by volume scattering, but contains a very significant soil return. Hence, for direct sensing of the vegetation, we should use X band (or higher frequencies), VV polarization, and large in- cidence angles. However, as we show below, these conclusions may not apply if our concern is the recovery of crop information.
Before leaving the indoor measurements, we note some important results from an experiment performed on June 18, when 21 liters of water (equivalent to 8 mm of rain) were sprayed over the canopy, using a watering can fitted with a rose to simulate the effect of rain. Fig. 6 compares the integrated C-band backscatter from the wet and dry canopies. Wetting causes increases of 3-5 dB for all polarizations and incidence angles, except for reduced differences in VV at the higher incidence angles. Detailed analysis reveals that most of the wet-dry variation occurs in the lower canopy and soil regions. The VV signal at large incidence angles is less sensitive to wetting because here the scattering comes mainly from the upper canopy (see Figs. 3 and 5).
III. OUTDOOR MEASUREMENTS
The GB-SAR facility includes a portable outdoor radar system mounted on a trailer-borne hydraulic lift [24] (Fig. 7) . This system operates on the same principles as the indoor system, but with only a 4-m linear scanner, so it cannot perform 3-D imaging. This sensor can provide fully polarimetric measurements covering the frequency range from X to L band, over an area of typically 1000 m .
During the 2000 growing season, trial plots of winter wheat (variety Claire) were provided by ADAS Consulting Ltd. on an experimental farm near Cambridge, U.K. By managing the plots in different ways, a wide range of shoot number, biomass, and GAI conditions were generated. The different management regimes included use of two drilling dates, two seed rates, and three different levels of applied nitrogen fertilizer. Identical levels of fungicides and herbicides, consistent with a normal commercial crop, were applied to each of the plots.
Accompanying the radar measurements were agronomic data (shoot number, fresh biomass, GAI, and growth stage) and architectural data, consisting of detailed information on the dimensions, orientations, and moisture content of all the components within the wheat canopy, i.e., leaves, stems, and ears. Soil roughness and moisture were also measured, along with crop height. The most complete dataset was at C band, for which nine sets of measurements were collected on three trial plots on different dates. Issues connected with the antenna patterns meant that comparable coverage for all nine datasets was only possible at around 40 incidence angle. Fig. 8(a) shows the average radar backscatter derived from these data against fresh biomass, for VV, HH, and VH polarizations. Backscatter decreases with increasing biomass for both VV and VH polarizations, but HH polarization exhibits little variation, except for one bare soil value early in the season. Similar trends were observed in comparisons between backscatter and GAI. Note that results in [9] also show similar behavior for comparable values of biomass.
Based on the indoor measurements discussed in Section II, but bearing in mind the wetter soils in the outdoor measurements, it is likely that the measured backscatter consists largely of an attenuated soil contribution. Consequently, biomass is being expressed through its effect on extinction, rather than by its contribution to direct canopy backscatter. Since soil attenuation is a measure through the whole canopy, it in a sense integrates the overall canopy biomass. The VV and VH returns are much more strongly affected by attenuation than HH, hence their greater sensitivity to biomass. A problem in using single-channel backscatter as a biomass indicator is implicit in Fig. 6 : rainfall can cause large changes in the radar return, rendering the inversion unreliable. However, Fig. 6 also shows that the different channels exhibit very similar responses to wetting. This suggests that the difference particularly between the VV and HH backscatter might be a useful indicator of biomass. This relation is shown in Fig. 8(b) . Not surprisingly, given the results shown in Fig. 8(a) , the HH-VV amplitude difference increases sharply with biomass.
An unfortunate feature of Fig. 8 is the large gap in biomass values between 0.75 and 2 kg m , caused by poor weather conditions in April that rendered measurements impossible. This is the period of most rapid growth and increasing biomass. Furthermore, the measurements stop in early June, and hence all the measurements occur during the declining phase of the wheat growth curve, i.e., the plot of the wheat backscatter against time. The measurements do not continue into the increasing phase that normally follows [1] , [10] , [11] . This means that neither the overall shape of the plot of biomass against the HH-VV amplitude difference nor the limits of its sensitivity can be inferred from this dataset.
IV. DISCUSSION AND CONCLUSION
The argument in Section III identifies differential attenuation of the soil return by the HH and VV channels as the key biomass indicator. Interchannel amplitude differences are preferred because they are less prone to disturbances from rainfall than single channels. The HH-VH amplitude difference could also be used, but suffers from greater sensitivity to noise (in the cross-polarized channel) and possible bad behavior under conditions of bare soil (or low biomass) due to very low values in the VH return. This argument, if its general validity can be demonstrated, has strong implications for the design of a system to be used for measuring biomass. The central requirement is that both the HH and VV returns are dominated by attenuated scattering from the soil. This requirement is more easily met at C band than at X band. Also, larger incidence angles should be used, since the difference between the HH and VV soil returns increases with incidence angle (due to increased path length through the canopy). However, as incidence angle increases, the VV return will at some point switch over to being dominated by the upper canopy (see Figs. 3 and 4) , whereupon the relationship between biomass and the HH-VV difference will break down. The results in this paper suggest a transition point around incidence angles of 35 to 40 , dependent on soil moisture conditions.
It can be seen that these conclusions are not the same as those in Section II, where the indoor measurements seemed to suggest X band, VV, and large incidence angles as the preferred sensor characteristics for wheat sensing. However, this configuration principally measures a specific aspect of the canopy, namely the flag leaf layer, which may be only weakly related to more interesting agronomic properties. In contrast, the argument in Section III suggests that a two-channel C-band sensor operating at moderate incidence angles is most fitted to the task of biomass measurement.
The inferences above must be treated with some care, as there are weaknesses in the dataset on which they are based.
1) Only a small number of canopies were measured.
2) There were no measurements during the period of most rapid growth. 3) Insufficient X-band data were gathered to allow comparison with C band. 4) Only a single wheat variety was considered in each of the campaigns. Scatterometer measurements indicate the importance of point 4). For example, in [4] , significant differences were found between two different varieties of wheat. In particular, although both showed an approximately linear relationship between LAI and backscattering coefficient (at X band), the slope of this relation was quite different for the two varieties.
It is clear that more measurements are needed to address the shortcomings of the data described in this paper, but the work reported here provides a much better insight into which are the key questions. In particular, further experimental studies seem essential, including the following: 1) investigation of the robustness of the HH-VV amplitude difference as a biomass measure over the full biomass range of a developing crop; 2) comprehensive measurements at X band. The Envisat mission will allow the first of these to be carried out, while the second could be addressed by further GB-SAR outdoor measurements and/or airborne campaigns with X-band systems, such as E-SAR.
The value of the indoor measurements goes far beyond the averaged images shown in this paper. The full 3-D dataset can locate the scattering with sufficient spatial accuracy to assess the contribution from individual plant components. In combination with isolated component measurements and measurements of attenuation, this will allow the fundamental assumptions of the scattering models to be tested and to ensure that their descriptions of scattering processes conform to reality.
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